ABSTRACT: Highly stratified marine ecosystems with dynamic features such as fronts or clines in salinity, temperature, or oxygen concentration challenge an individual's ability to select suitable living conditions. Ultimately, environmental heterogeneity organizes the spatial distributions of populations and hence the spatial structure of the ecosystem. Our aim here is to present a method to resolve small-scale distribution on an individual level, as needed for the behaviorally-based prediction of habitat choice and limits. We focused on the small-scale vertical distribution of cod Gadus morhua L. in the Bornholm Basin, central Baltic Sea, during spawning time in 2 years with different vertical thermohaline and oxygen stratifications. Individual cod were identified by echotracking of real-time in situ hydroacoustic distribution data. In order to resolve and identify hydrographic preferences and limits, ambient parameters including temperature, salinity, and oxygen concentration as well as expected egg-survival probability were individually allocated to each fish. The vertical distribution of hydroacoustically identified fish was compared to data simultaneously recorded by data storage tags attached to cod. The results showed a clear influence of ambient salinity and oxygen concentration on the distribution pattern and distributional limitation of cod during spawning time, and also consistency of data storage tag-derived distribution patterns with those based on individual echotracking. We therefore consider this method to be a useful tool to analyze individual behavior and its implications for the population's spatial distribution in stratified environments.
INTRODUCTION
Much focus has recently been put on distributional and ecological characteristics of marine fish with special regards to habitat availability and habitat use (Austin 2002a, Morris & Ball 2006) . Spatially explicit conservation measures such as closed areas (Apostolaki et al. 2002) as well as the assessment of predator-prey overlap (Neuenfeldt 2002 , Neuenfeldt & Beyer 2003 necessitate measurements of individual fish occurrence in relation to biotic and abiotic environmental parameters during different conditions, e.g. feeding or spawning.
Scientific echosounders provide real-time in situ 3D field data (Massé & Gerlotto 2003) containing quantitative information on density and size distributions of backscattering organisms (Towler et al. 2003) . Consequently, hydroacoustic surveys have widely been applied to the analysis of fish abundance (see MacLennan & Simmonds 1992) , diurnal and shoaling dynamics (e.g. Fréon et al. 1996 , Orlowski 1999 , 2005 , Nilsson et al. 2003 , predation and avoidance behavior (e.g. Handegard & Tjøstheim 2005 , Kaartvedt et al. 2005 as well as distribution and habitat association (e.g. Lawson & Rose 2000a ,b, Robichaud & Rose 2001 , McKinstry et al. 2005 ). However, analyses based on echosounder data are often hampered because the detection of individual targets is difficult, and if identification of individual fish is possible, allocation of echoes to a certain fish species is difficult. Therefore, corresponding trawl hauls must be carried out for species identification and abundance estimation, with the shortcoming that small-scale acoustic information collected from echosounders is transformed to the larger trawl scale, which often cannot resolve environmental gradients and, thus, distributional characteristics in sufficient detail.
In this paper we propose a novel method to overcome this problem by applying hydroacoustic fish track identification. To verify our method, we compared observed individual-based, small-scale vertical distribution patterns in relation to ambient hydrography to data from comparable hydrographic situations obtained from data storage tags (DSTs). Focus was put on cod Gadus morhua L. in the central Baltic Sea during the peak spawning season.
Due to the semi-enclosed brackish water system characteristic of the Baltic, a strong vertical stratification of temperature, salinity, and oxygen is established. A permanent halocline separates low saline water on the surface from high saline deep water. Below that halocline, salinity continuously increases, whereas oxygen concentration decreases due to stable vertical stratification. Renewal of bottom waters and, thus, improvement of hydrographic conditions is only achieved by major water intrusions from adjacent North Sea regions. These irregular inflow events are strongly dependent on atmospheric forcing conditions (Matthäus & Franck 1992 , Matthäus & Schinke 1994 , Fonselius & Valderrama 2003 .
Cod reproduction in the central and eastern Baltic Sea is limited to the deep basins, as a minimum salinity of 11 ppt is required for fertilization success and neutral buoyancy of eggs (Westin & Nissling 1991) . Peak abundance of cod eggs occurs in the region of the halocline, with some quantities of viable eggs in the more saline deep layer, depending on oxygen levels (Kändler 1944 , Wieland & Jarre-Teichmann 1997 . However, due to a lack of regular major inflow events, oxygen concentrations in these layers may often be too low for cod eggs to survive (Wieland et al. 1994) . Oxygen concentration has a nonlinear effect on egg mortality. Ambient oxygen-related egg survival (OES) increases markedly above 2 ml l -1 oxygen concentration with 50% viable hatch at 4 ml l -1 (Köster et al. 2005 ).
We studied the vertical distribution of cod in their spawning environment in the Bornholm Basin during spawning time in 2 years with contrasting abiotic (inflow versus stagnation) conditions. Distributional characteristics were derived from single fish identified and tracked by hydroacoustic measurements. These individual-based, small-scale vertical distribution patterns of cod were related to ambient hydrography and ambient OES. Vertical distributions derived from electronically tagged individuals for the same specific period were used for verification of the echotracking.
MATERIALS AND METHODS
Hydroacoustics. Hydroacoustic data were continuously recorded during day-and nighttime on 2 research cruises of RV 'Alkor' in the central Baltic Sea in August 2003 and July/August 2005. Data sampling was carried out on a regular station grid ( Fig. 1 ) used for measuring corresponding ambient hydrographic and biological parameters. A Simrad hull-mounted split-beam transducer ES38-B (beam width 6.86°along and 6.80°athwart) and a Simrad scientific Echosounder EK60 operated at 38 kHz by Simrad ER60-Software were used for collection of data. The echosounder and transducer had been calibrated with a 60 mm copper sphere prior to the survey according to Table 1 . Post-processing of data was performed using Echoview software (Sonardata 2004, www.echoview. com) . Echo detection of the bottom topography was corrected when necessary. Noise signals and scattering layers as well as clupeid schools were marked in the echograms and excluded from further processing, i.e. analyzing for single target echoes. Echoes located within the upper 10 m of the water column were neglected due to possible origin from artificial turbulent effects caused by ship operation.
Single target echoes were identified by applying Echoview's single target detection operator. Therefore, the split-beam single target identification Method 2 based on target strength and angular position data was adopted. Thus, echoes scattered by single fish could be discerned from those scattered by shoals of fish. As target strength (TS) is a function of fish size (Foote 1987 , Clay & Castonguay 1996 , Ehrenberg & Torkelson 1996 , Rose & Porter 1996 , McQuinn & Winger 2003 , a threshold of -50 dB was set for single cod identification in order to cover the size range derived from corresponding fishery hauls. The single target detection parameters used were: minimum normalized pulse length = 0.49, maximum normalized pulse length = 1.51, maximum beam compensation = 12.0 dB.
The resulting single target echoes were processed using Echoview's target tracking algorithm, allowing the aggregation of single echoes to 1 track by allocating multiple consecutive echoes to a single fish and thus avoiding pseudo-replication of targets. The tracking algorithm chosen was based on range, angles, and time. Due to a mean vessel speed of 10 knots between stations, the horizontal range for target acceptance between single targets was set higher than vertical and lateral range, i.e. the minor (longitudinal) axis was allocated 50% weight in contrast to 30% weight for the major (transversal) axis. The minimum number of single targets required for an accepted fish track and the minimum number of pings in 1 track were set to 3. This led to a reduction in the total number of fish tracks but also to an enhanced reliability of single tracks. In order to distinguish echotraces of densely aggregated multiple fish from interrupted echotraces left by a single fish, the fish tracks identified by the tracking algorithm were manually edited and corrected when necessary. This was accomplished using angle echograms displaying along and athwart angular position data derived from the split-beam transducer. Both angular echograms and the single target echogram were synchronized and thus allowed the interpretation of the relative position of tracked targets in the beam and the identification of previously allocated fish tracks that needed to be split (originating from multiple fish) or merged (interrupted track from a single fish; A. M. Mueller, www. aquacoustics.com/ AngleEchograms.pdf).
Mean geographical position, mean depth and mean target strength of the single fish identified were then exported to Excel spreadsheets for further analysis. As the sample interval was lower (i.e. fewer pings on a horizontal scale) and the pulse duration was longer (i.e. lower vertical resolution) in 2003 than in 2005 (see Table 1 ), the number of resulting tracks was higher for 2005 (n = 5471) than for 2003 (n = 1875).
Hydrography. Ambient vertically resolved hydrographic variables such as temperature, salinity, oxygen concentration, and saturation were recorded using an ADM-CTD probe deployed on the regular station grid in the Bornholm Basin (Fig. 1 ). These hydrographic parameters were then assigned to hydroacoustically located individual fish. The horizontal resolution of the hydrographic parameters can influence the prediction of the fish distribution. Thus, as a rule of thumb, the grid size should be fine enough to capture the appropriate horizontal mixing processes (e.g. smaller than the internal Rossby radius; Hinrichsen et al. 2002) . Horizontal maps were constructed by interpolating the physical property data onto a model grid with 5 km horizontal resolution using objective analysis (Bretherton et al. 1976 ). An isotropic covariance function
was used, where R is the horizontal correlation scale (25 km), σ 2 is the variance, and r is the distance between data points. It was assumed that the error variance due to measurement errors and small-scale noise amounted to 15% of the total variance of the fields, because in our field measurements the error variance did not exceed 15% of the total variance. Correlation length and variance were obtained from fitting the data to a Gaussian function. It was also assumed that the hydrographic field observations taken prior to the hydroacoustic surveys were quasi-synoptic. Further linear interpolation of data between model grid points was used to assign quasi-realistic ambient variables to each single fish identified. Data storage tags. Data from echorecordings were compared to ambient hydrographic and distribution data obtained from tagged cod. The Star-Oddi CTD (conductivity, temperature, and depth) tags recorded ambient pressure (depth), temperature, and salinity every hour. Maximum recording period was set to 2 yr. Accuracy of the parameters after calibration was ± 0.5 ppt for salinity, ± 0.1°C for temperature, and ± 0.2 dbar for depth. Data extracted from recovered tags were then used to reconstruct migration routes of individual cod by geolocation using a hydrodynamic model of the Baltic Sea (Lehmann 1995) . Hydrodynamic model runs could result in increasing uncertainties in the simulated physical property fields, and hence in the assignment of environmental properties to tagged individual fish. To overcome at least some of these problems, assimilation techniques were used to improve the output of the model simulations. In order to initialize and re-initialize the model, 3D distributions of temperature, salinity, and oxygen concentrations were taken from hydrographic surveys of Baltic cod covering different sub-areas of the Baltic Sea undertaken prior to the investigation periods. Both initialization and re-initialization of hydrographic properties prior to the beginning of the tagging period are an essential prerequisite to keep the uncertainty of the modeled data relatively low. Further improvement was achieved through additional (4 to 6) re-initializations of the modeled fields during the tagging period. During the surveys, the hydrographic property distributions in the western Baltic, the Arkona Basin, the Bornholm Basin, and the Stolpe Trench were recorded. Residuals obtained between physical parameters measured by the tags and the corresponding values generated by the model were used for quality control. Histograms for all parameters taken into consideration indicate that for all parameters (pressure, temperature, and salinity), 66% of the residuals were in the range of 0 to 0.5. For detailed information on tags and methods applied, see Neuenfeldt et al. (2007) . For comparison, only cod echoes and DST recordings below the halocline (salinity > 9 ppt) were included (n = 111 DST records in 2003 and n = 117 DST records in 2005).
Cod habitat characterization. Distributional patterns of hydroacoustically identified cod in relation to ambient hydrography and available habitat frequencies were resolved. Relative available habitat distribution frequencies were calculated as relative frequency of a categorized parameter (temperature, salinity, oxygen concentration) based on numbers of all categories observed per parameter on the grid.
As distribution of cod was significantly limited to layers below the halocline, further results focused on distributional characteristics in habitats with a salinity higher than 9 ppt. This led to a reduction of single cod tracks to 1730 in 2003 and 5241 in 2005.
Data collection in both years took place in peak spawning time of eastern Baltic cod (Wieland et al. 2000) . Therefore, cod distribution also was related to ambient OES. OES was calculated based on an oxygen-egg survival relationship by Köster et al. (2005) using a sigmoid function showing oxygen levels with a 50% relative viable hatch at 4 ml l -1
. As a minimum salinity of 11 ppt is required for fertilization success and neutral buoyancy of cod eggs (Westin & Nissling 1991) , OES was focused upon in layers with salinity ≥11 ppt. This further reduced the absolute numbers of cod detections to 1584 (2003) and 5089 (2005) .
To further identify and statistically evaluate preferred habitat of cod and environmental habitat limits, the total hydroacoustic transects were classified in horizontal and vertical strata (observation cells with a 10 km horizontal and 5 m vertical resolution). Quotient curves were derived from hydroacoustically obtained cod abundance data and individual environmental variables within each stratum. The ratio (Q c ) of the percentage of total number of cod within each environmental parameter (%cod c ) and the percentage frequency of occurrence of each environmental parameter (%environmental parameter c ) was calculated as
This analysis is based on the whole column below the halocline in each horizontal stratum with cod identified. Quotient values greater than 1 indicate positive selection of related categories, whereas quotient values less than 1 are considered to represent avoidance of those parameters (van der Lingen et al. 2001) . Statistical evaluation was performed by applying the adapted R library 'Shachar' (developed by M. Bernal) that includes a randomization test estimating the 95% confidence limits for rejecting the null hypothesis of the observed quotient within a particular environmental category being obtained by pure chance alone.
To further isolate and statistically validate factors affecting cod abundance (CA) in the field, non-parametric regression models (i.e. generalized additive models, GAMs) were used (e.g. Porter et al. 2005 , Dingsør et al. 2007 . A GAM is a statistical model blending properties of multiple regressions (a special case of general linear model) with additive models. In a GAM, the parameter terms b i and x i of a multiple regression are replaced with functions ƒ(x i ); The functions ƒ(x i ) are arbitrary and often nonparametric, thus providing the potential for better fits to data than other methods. A typical GAM might use a smoothing function such as a locally weighted mean for the ƒ(x i ). Thus, the priority of GAMs is predictive ability.
The following physical environmental variables were determined for each observation cell and subsequently used as independent variables to explain adult cod abundance. (1) Latitude, longitude: for each observation cell, the mean geographical position was recorded, giving information about adult position in relation to the basin topography. (2) Ambient temperature, salinity, oxygen content: temperature profiles were measured on each CTD station and allocated to each cod identified. Mean temperature, salinity, and oxygen content were calculated for each observation cell to represent adult cod ambient conditions. (3) Vertical gradients in abiotic conditions: for each observation cell, the within-cell gradient of abiotic condions, i.e. the change in conditions over a 5 m vertical scale, was calculated, as organisms accumulate at clines (e.g. Morgan et al. 2005) or use gradients for orientation (Ferno et al. 1998 ). (4) Inflow/stagnation: hydrographic conditions in the Bornholm Basin are very different comparing post-inflow situations to years after a longer time of stagnation. In January 2003, a major Baltic inflow occurred, which dominated the hydrographic conditions in August 2003. After 2 further years of stagnation, the situation in summer 2005 can be seen as a typical stagnation scenario. Therefore, the yeareffect was included as a factor variable with 2 levels. (5) CA: for each observation cell, a CA of n = 0 to 73 adult cod was identified by single-fish detection and tracking algorithms. As the dependant variable CA was not normally distributed, a fourth-root data transformation was applied. Afterwards no significant deviation from the normal distribution occurred (David et al.-test, p < 0.05; Lozán & Kausch 1998) .
All environmental factors were initially included as covariates in an additive GAM. The generalized cross validation (GCV; Wood 2000) was used as the criterion for model selection: all combinations of covariates were tested, potentially excluding non-significant (p > 0.05) covariates and minimizing the GCV. The GCV is a measure of predictive error of the model and thus takes into account not only the fit, but also the model complexity. It therefore does penalize excessively complex models as a result of greater prediction error. All analyses were conducted using R software (version 2.2.0, www.r-project.org), specifically the package 'mgcv.'
RESULTS

Hydrography
The hydrography in deeper water areas observed during the August cruise in 2003 was primarily determined by a strong inflow event in January 2003 (Fig. 2a) . This major Baltic inflow entirely replenished the old oxygen-depleted water masses below the permanent halocline. Salinities at the bottom exceeded 18 ppt. Oxygen concentrations near and below the halocline remained at high levels (6 ml l -1 ) until March 2003 (Hinrichsen et al. 2007 ). From our cruise data it is obvious that by August these oxygen concentrations quickly decreased to 3 ml l -1 at the bottom. In summer 2005, after a lack of further inflows, the hydrographic conditions had deteriorated (Fig. 2b) . Hydrographic measurements identified the permanent halocline in the Bornholm Basin in the depth range 55 to 60 m increasing from east to west. Within the deep water area, oxygen values were below 2 ml l -1 with temperatures around 6°C and salinities not exceeding 17 ppt. Although there was an indication of a new inflow of highly saline water that had entered the Bornholm Basin in January 2005, the oxygen conditions in the deep part of the Bornholm Basin had only slightly improved.
Vertical distribution of cod in relation to mean hydrography
There was a marked difference in the vertical distribution pattern of identified echoes between August 2003 and July/August 2005 (Fig. 2) . However, most of the echoes were situated below the halocline in both years. Corresponding fishery hauls and DST recordings (see next section) showed that there were no cod above the halocline. Thus, echoes above the halocline were considered non-cod. In 2003, cod showed a broad distribution below the halocline. Comparison to mean hydrography showed that the vertical distribution of cod was strongly linked to ambient hydrographic parameters. Salinity seemed to constitute the upper distributional limit, whereas oxygen concentration was the limiting factor in deeper water. In 2003, the whole water column was well oxygenated, with average oxygen levels still close to 3 ml l -1 down to the seafloor. Therefore, no distinct vertical limitation as well as a relatively even distribution of cod below the halocline was obvious. There was no clear effect of temperature on fish distribution. In 2005, upper distributional limits also were set by the halocline with 95% of echoes identified in salinities >10 ppt (92% >11 ppt). With regard to oxy-gen, a clear depletion due to lack of inflow was measured in deeper waters. Oxygen concentration was below 1 ml l -1 at 73 m depth, and from 84 m downwards, no oxygen was detectable. 
Comparison of echodata and tags
With the exception of 1 record in July 2005, in both years observed there were no records from DSTs attached to cod from above the halocline, i.e. all tagged cod were found almost exclusively below the halocline during the observation period.
In August 2003, cod echoes below the halocline (n = 1730) were distributed between 41 and 95 m with a distribution maximum at 57 m (Fig. 3a) . Two local distribution maxima were found in layers between 64-67 m and 86-87 m (> 2 to > 3% in each depth layer). Data from DSTs revealed a distribution between 58 and 95 m during the period observed. Over 95% of observations (n = 111) were found between 60 and (Fig. 3b) , cod echoes below the halocline were observed between 45 and 87 m (n = 5241). Most of the echoes (91%) were situated between 57 and 72 m with a clear accumulation between 64 and 67 m (32%) and a distribution maximum at 67 m (8%). Only 2% of all cod observed were situated below 73 m. A comparison to data from DSTs (n = 117) revealed a similar distribution pattern of tagged cod during the period observed. Tag depth recordings ranged from 36 to 73 m. Approximately 90% of tagged cod were found in water layers below 60 m. A clear aggregation maximum corresponding to hydroacoustic data was observed between 63 and 65 m (39%) as well as a decrease in relative frequency below 70 m depth.
Habitat utilization
Temperature
Observed habitat utilization below the halocline took place between 3.25 and 9.5°C in 2003 (Fig. 4a) . More than 95% of cod observed were distributed in temperatures between 3.25 and 6.25°C with local maxima at 3.5 and 5.25°C. Comparison to the frequency of available habitat in 2003 showed that cod did not use the whole temperature range available below the halocline. However, the temperature ranges with accumulations of cod were also present at higher frequencies in the available environment. Quotient analysis showed no clear pattern of preference or avoidance. Only temperatures higher than 7°C were preferred, with preference becoming significant above 8°C.
In August 2005, after 2 yr of stagnation, cod habitat utilization in relation to ambient temperature showed a different distribution pattern (Fig. 4b) . Except for temperatures of 8.5 to 8.75°C, the whole available temperature range below the halocline was used. However, clear accumulations at different temperatures were obvious: from 5 to 5.5°C (24%) and from 6 to 7°C (56%). Maximum abundance of cod was recorded at 6.5 to 6.75°C (17%). Available temperature habitat frequencies were almost evenly distributed below 6°C, i.e. not explaining the accumulation of echoes at 5 to 5.5°C by habitat availability. However, the layers with the highest cod frequencies also showed the highest habitat frequencies. Quotient analysis showed general avoidance of temperatures lower than 5°C (p < 0.05) and a preference for higher temperatures.
Salinity
In 2003, cod were distributed throughout all observed salinity levels from the halocline downwards (Fig. 5a ). There were distributional accumulations and local maxima in layers with a salinity of 12 to 13 ppt (20%) and 18.75 to 19 ppt (8%). Comparison of cod distribution with the relative frequency of available habitat revealed no clear trend. All salinity levels higher than 9 ppt were almost evenly present with only levels >17.5 ppt appearing less frequent. Quotient analysis showed a clear avoidance of salinity levels lower than 10.7 ppt (p < 0.05) and preference for layers with a salinity of 11.3 to 17.2 ppt. Preference for these salinity levels was not significant, as was the trend towards avoiding salinity levels >17.2 ppt. In 2005, the cod distribution in relation to ambient salinity showed a stronger limitation of layers used compared to habitat availability (Fig. 5b) . Most cod identified (96%) were distributed in salinity levels between 11.25 and 14.5 ppt. No cod were observed in salinity levels higher than 15.25 ppt, although those were available as habitat. Quotient analysis revealed a clear and mostly significant avoidance of low salinities (<11.5 ppt) as well as high salinities (>14.3 ppt). Salinity levels between 11.6 and 14.2 ppt were characterized as preferred habitat (12 to 14 ppt; p < 0.05).
Oxygen
In 2003, cod were observed between oxygen concentrations of 1.25 and 5.75 ml l -1 (Fig. 6a) . Most of the cod (81%) were situated between 2.5 and 4.5 ml l -1 , while a small proportion (11%) was detected at the lowest observed oxygen levels of 1.25 to 2.5 ml l -1 . Due to the well-oxygenated environment, oxygen levels lower than 2.5 ml l -1 only showed habitat frequencies of 1%. Results of quotient analysis indicated a generally random distribution of cod in oxygen concentrations of less than 4 ml l -1 and a significant selection of layers > 4.5 ml l -1 . In August 2005, cod were distributed in oxygen concentrations between 0 and 6.75 ml l -1 (Fig. 6b) . The fraction of cod detected in layers with an oxygen concentration of less than 1 ml l -1 was very small. However, 38% of cod identified were found at low oxygen levels between 1 and 2.5 ml l -1
. The preferred level of 3 to 3.5 ml l -1 only contributed 5% to the available habitat. Due to a clear oxygen depletion below the halocline, oxygen levels of 0 to 1 ml l -1 were present to a large extent. Quotient analysis revealed a clear and significant avoidance of oxygen concentrations lower than 1.5 ml l -1 (<1.3 ml l -1 , p < 0.05), whereas oxygen concentrations between 1.5 ml l -1 and 4.5 ml l -1 were positively selected.
Higher concentrations were present at a low number of stations and were selected or avoided mostly randomly.
Oxygen-related egg survival
In 2003, cod were distributed in high saline (>11 ppt) layers with a calculated OES of 0 to 0.85 (Fig. 7a) . Most of the cod (67%) were situated in layers with OES of 0.15 to 0.5, but a small proportion (10.1%) were observed in regions with an OES of less than 0.1. Available habitat showed egg survival probabilities of 0 to 0.95. Only 0.6% of habitat available showed an OES of less than 0.1. In 2005 (Fig. 7b ), cod were observed in water layers with a similar range of OES rates as in 2003 (0 to 0.75). However, in contrast to 2003, a significant fraction (25%) was situated in water masses with an egg survival probability of < 0.05. Available habitat was dominantly characterized by egg survival probabilities of 0 to 0.05 (49%). Only 25% of ambient water was characterized by an OES > 0.5. Quotient analysis for 2003 and 2005 showed a significant negative selection of habitat with an OES < 0.1 in both years.
GAM results
According to the GAM, all inspected environmental factors had a significant (p < 0.0001) effect on adult cod abundance. The GCV score was 0.53197, and the model explained 47.4% of the variance. The results from the quotient plot analysis with ambient temperature and, to a higher extent, ambient salinity and oxygen influencing cod habitat were statistically validated. The model results showed a negative effect of temperature below 8.5°C and a positive effect above. Additionally, a slightly increasing influence of salinity on cod distribution with growing salinity levels was shown. Oxygen concentrations below 1 ml l -1 had a significant negative effect on cod distribution.
DISCUSSION
Field-based, individual-level records of avoidance behavior at environmental limits are a necessary prerequisite for the prediction of a population's dispersal under environmental changes (e.g. Guisan & Zimmermann 2000 , Austin 2002b , Guisan & Thuiller 2005 . Distribution data collected from trawl catches often cannot be used to derive comparative small-scale spatial behavior, as the net opening is too wide and integrates too great a vertical range (Hjelm et al. 2004 ). Especially in highly stratified areas like the central Baltic Sea, small vertical movements of individual fish can result in massive changes in ambient hydrography experienced by the fish. The high resolution of hydroacoustics allows sampling on a much finer (vertical) scale and in much higher quantities. Spatially explicit considerations can additionally improve the understanding of linkages between biological and physical processes (Mason & Brandt 1999) . A high spatial resolution can help to identify the behavior of single cod towards their environment. Simultaneously, the high number of observations allows a quantitative assessment providing a good basis for the parameterization of future modeling. The high vertical and horizontal resolution of hydroacoustics, thus, can enhance the data basis for according models (e.g. Rose & Leggett 1990 , Mason & Brandt 1996 . The method applied to interpolate ambient physical parameters has the advantage that in conjunction with data assimilation techniques a statistical measure (error variance) is provided to merge observed with modeled data in dependence on the error variance (see Neuenfeldt et al. 2007) . The resolution of hydrographic data is on a kilometer scale, whereas the hydroacoustic data analyzed are usually on a meter scale. This difference in resolution can on the one hand be related to the lack of ship time available for measuring highly resolved hydrographic data. On the other hand, our method provides interpolated data on a scale that seems to be the best and only possible trade-off between requirement and availability of highly resolved hydrographic data.
As hydroacoustic devices alone cannot discriminate between individuals of different species, threshold levels must be applied to minimize confusion with nontarget species. Due to the relatively low biodiversity of fish species in the central Baltic pelagic ecosystem (ICES 2006) and derived from catch compositions of preceding investigations, the majority of echoes recorded can be allocated to either the clupeids sprat Sprattus sprattus and herring Clupea harengus, or to cod. Catch data from corresponding fishery hauls in both years revealed that a certain proportion of fish caught from clupeid species was in the same length range as juvenile cod. Cod lengths ranged from 9 to 106 cm. Therefore, echoes from large sprat and herring could have been misidentified as small or juvenile cod using our identification threshold of -50 dB for TS measurements (Rose & Porter 1996 , McQuinn & Winger 2003 , Peltonen & Balk 2005 . The threshold nevertheless was chosen in order to cover the whole observed size spectrum of cod. Due to the manual postprocessing of the echograms and the identification of clupeid aggregations, the danger of misidentification was greatly reduced. Generally, this processing may have led to a reduction of total cod identified, as cod dwelling within dense clupeid aggregations may have been mistakenly removed from the 'tracking.' However, this bias towards the identification of fewer cod nevertheless guarantees the reliability of the identified cod tracks and their ambient hydrography. Additionally, single fish echoes that were identified above the halocline could be regarded as originating from clupeids, as corresponding fishery hauls and contemporary DST recordings revealed that there were no cod distributed in these layers.
Since the target tracking algorithm in Echoview is designed to avoid including multiple targets, the detected targets are, in general, within layers that have relatively low numerical densities, i.e. cod aggregations with higher numerical density may not give a higher number of resolvable individual targets. As a result, the vertical distribution based on target tracking could provide a biased picture of the cod vertical distribution. However, a comparison of the depth distribution of identified cod echoes to the total echo (nautical area scattering coefficient, NASC) depth distribution showed a consistency of both distributions, i.e. the peak cod abundances below the halocline were consistent with peak scattering values in the echograms.
The vertical distribution of cod during the peak spawning period was controlled by salinity and oxygen concentration while an effect of temperature on vertical cod distribution was not obvious. This is probably not surprising. Although temperature is the single most important factor determining metabolic rates, the range of available temperatures during the spawning period did not include previously reported critical limits for cod (North Sea data; Sartoris et al. 2003 , Lannig et al. 2004 .
In both years observed, cod avoided salinities less than 11 ppt. Non-spawning cod live in a wide salinity range in the largest parts of the Baltic Sea except for the Bothnian Bay and the easternmost parts of the Gulf of Finland (Aro 1989 (Aro , 2000 . Cod exposed to ambient salinities of 7 ppt during experiments did not experience severe osmoregulatory disturbances (Dutil et al. 1992 ). Additionally, Claireaux & Dutil (1992) showed no negative effects of acclimation of cod from salinity levels of 28 to 7 ppt on their ability to tolerate low oxygen levels. During spawning time, adult cod prefer salinities of 11 to 15 ppt, with their distribution generally showing positive correlations to increasing salinity and oxygen levels (Tomkiewicz et al. 1998) .
In 2005, a distinct oxygen depletion zone in deeper water layers marked the lower distributional boundary of cod. In contrast, ambient water was well oxygenated throughout the whole water column in 2003. Cod were consequently distributed throughout the whole column below the halocline. However, even under the hypoxic conditions in 2005, a small proportion of cod was found in regions with a corresponding oxygen saturation of less than 17%. This behavior has already been observed under laboratory conditions where cod gen-erally avoided zones of low oxygen (< 50% saturation at 5°C), but voluntarily entered regions with values as low as 16% saturation for short (~2 min, 5°C) excursions or if food was offered (Claireaux et al. 1995) . Furthermore, data from DSTs showed that tagged cod entered oxygen-depleted layers for short periods (Neuenfeldt et al. 2009 ). This behavior can be related to feeding excursions. Sprat and herring are the main prey organisms of adult cod in the Bornholm Basin (Bagge 1989 , Bagge et al. 1994 ) and obviously tolerate lower oxygen concentrations than cod (> 0.5 ml l -1 and 1.0 ml l -1 , respectively; Orlowski 2005 , Stepputtis 2006 ). In our data, the presence of clupeid schools on echograms and in corresponding fishery hauls in the respective depths indicates that the cod could have entered the low oxygen levels for short feeding excursions.
Comparison of echorecordings and DST recordings revealed similar distribution patterns with maximal frequencies in the same depth ranges in 2005. In 2003, echorecordings of cod were found in a broader depth spectrum than tagged cod. Echo tracks were rather randomly distributed below the halocline, whereas tag data were most abundant between 60 and 75 m. Keeping in mind that the lower, oxygen determined, distributional boundaries were consistent, the advantage of acoustic data for the purpose of monitoring population dispersal while still accounting for individual limitations becomes evident: an order of magnitude more fish tracks from hydroacoustic data were available compared to the sample size from DSTs. The hydroacoustically derived data covered a much larger fraction of the distribution area of the corresponding cod population. The common distributional boundaries underline the viability of the echotracking.
The ambient habitat limits derived by the quotient plot analysis were validated by constructing a GAM. Even when accounting for further significant abiotic parameters such as position within sampling area or depth, the model only accounted for 47.7% of the total variability. This can be explained by a large value range of the corresponding input variables. Further, behavioral traits of individuals or aggregations towards other factors (e.g. food availability, spawning behavior) could not be taken into consideration in the model. Nevertheless, the results showed that supplemental to the ability to identify limiting factors on cod distribution, the behavior of cod towards these factors under different scenarios has the potential to be modeled in the future.
Cod distribution in relation to crucial ambient abiotic parameters revealed by real-time in situ echorecording can enhance the datasets provided by DSTs, especially when it comes to the scaling of DST-derived data to population level. DST-based geolocation models use data from individuals for scaling results to the population level (Neuenfeldt et al. 2007) , whereas echorecordings represent a direct measure of the population characteristics.
Besides using single environmental parameters such as salinity, we also related individual vertical behavior to OES, which is a compound parameter that is difficult to integrate in experimental designs. Such compound environmental factors such as feeding success, competition, and predation risk from larger predators (Grønkjaer & Wieland 1997 , Porter et al. 2005 , Casini et al. 2006 , Neuenfeldt & Beyer 2006 can effectively be tested only in the field, and echotracking appears to be a useful avenue to follow for adult fish, ultimately improving our perception of the variability in essential habitats. 
